Keratinocyte culture is a necessary and widely used tool in a variety of experimental dermatological and biomedical studies. Literature search has revealed a variety of different protocols of human primary keratinocyte isolation and culture. Therefore, the aim of this paper was to review and summarize current trends in human primary keratinocyte culture techniques. We present data on the most popular and effective methods of human keratinocyte isolation and cultivation obtained from screening of 945 papers published during the last 10 years.
| INTRODUC TI ON
In vitro cultures of isolated keratinocytes are widely used in a variety of experimental dermatological and biological studies. There are many valuable and reproducible studies performed on animal keratinocytes. [1] [2] [3] [4] These results, however, cannot be directly translated to the human keratinocyte culture systems. There exist many various protocols for human keratinocyte isolation, culture media and culture conditions. The existence of many various protocols may raise many questions regarding the choice of the most convenient and effective method(s). In the present paper, we review and evaluate current published methods and results aimed at obtaining the highest yield and growth rate of human primary keratinocytes.
| Human primary keratinocyte isolation procedures
Keratinocytes, predominant cells of the epidermis, are characterized by a low division rate in vitro. [5] For more than a century scientist have been looking for a good isolation method that not only obtains keratinocytes without fibroblast contamination, but also does not injure epidermal cells.
In the majority of protocols, the epidermis is separated from the dermis samples after enzymatic treatment. [6] This can be achieved with the use of trypsin alone [7] or in two-step method in which trypsin digestion is preceded by treatment with neutral proteases-dispase or thermolysin. [8] Recently, a successful separation of epidermis during first step of digestion has been also introduced with a cysteine protease called actinidin. [9] Two-step digestion method appears to decrease the risk of fibroblast contamination [10] and minimize usage of trypsin which in high concentration may affect viability of the keratinocytes. [11] Due to enzyme batch differences and non-optimal digestion conditions, which can affect the process of keratinocyte propagation, keratinocyte yield after enzymatic treatment varies from good [12] to failed experiments. [13] Only 3%-4% of keratinocytes isolated with enzymatic treatment, even under optimal culture conditions, are able to form colonies. [13] Therefore, in case of small tissue samples, the skin explant technique [14] [15] [16] free of preliminary enzymatic digestion is an alternative technique for a rapid and simple generation of viable keratinocyte cultures and may be considered as a method of choice.
Sheets of keratinocytes that outgrown from small pieces (1-2 mm 2 )
of split-thickness skin are visible after 24-36 hours of cultivation and continue to expand. Such cultures should not be contaminated by fibroblasts as they migrate from skin explants several days later than keratinocytes (about the 5th day of culture). [14] This method results in propagation of highly enriched keratinocyte population also those expressing markers associated with stem cells. [13] Development of methods resulting in further enrichment of keratinocyte progenitor⁄precursor cells with a high colony-forming efficiency is focused on stem cell enrichment by, for example, physical agitation with magnetic stirring, density gradient centrifugation, gravity-assisted cell sorting (GACS) based on a passive filtration of keratinocyte suspension through special nylon filters or cell sorting with specific marker antibodies. [13, [17] [18] [19] Some other solutions such as a method described by Marcelo et al [20] has also been proposed.
| Culture of human primary keratinocytes
Epithelial cells cultured in vitro under inappropriate conditions lose their proliferative capabilities and are prone to subsequent differentiation.
As primary keratinocytes undergo growth arrest in suspension, it is necessary to sustain optimal environment for their proper adhesion. [21] Choice of an appropriate surface supporting cell growth may be difficult and remains a matter of conflicting results. For example, while Rahsaz et al [22] successfully established a primary culture of keratinocytes in vessels coated with gelatin, Daniels et al [23] reported its detrimental effect on the keratinocyte attachment. Proliferation of keratinocytes decreased gradually when cultured on type IV collagen gel. [24] On the other hand, keratinocytes cultured on a type I collagen scaffold were reported to display increased proliferation rate. [13] It is important to note that culture of keratinocytes in some serum-free media (eg, EpiLife, Thermo Fisher Scientific Inc., Waltham, MA, USA) requires flask coating with rat tail collagen as recommended by the manufacturer. [25] Keratinocyte survival and expansion may be facilitated by growth-arrested murine feeder layer fibroblasts (3T3 cells) [6] which support keratinocyte attachment by synthesis of extracellular matrix proteins, release growth factors, remove toxic metabolites from culture media and delay primary keratinocyte terminal differentiation. [26] [27] [28] Keratinocytes and fibroblasts can be easily separated using differential trypsin digestion, [29] continuous Percoll gradient centrifugation (at 1.065-1.085 g/mL and 1.025-1.050 g/mL densities, respectively [30] ) or separation with antifibroblast magnetic microbeads. [31] It should be stressed, however, that human keratinocytes cultured on a murine feeder layer may become contaminated with animal pathogens or feeder cells themselves and such contamination (even with human fibroblasts) may have an impact on the results of some experimental studies and may be a serious limitation, for example, for their clinical application.
Use of feeder layer cells may be overridden by an application of feeder layer-conditioned medium supplemented with serum (as a source of factors essential for cell proliferation and stratification) and hydrocortisone. [32] Serum, however, as a mixture of incompletely defined thousands of compounds including some potentially toxic or infectious agents, should be replaced with less hazardous and possibly better defined agents (eg, 10 mg/mL purified bovine serum albumin (BSA) [33] or bovine pituitary extract (BPE) [4, 32, 34] ). Further studies have revealed that completely serum-free media support keratinocyte growth when supplemented with, for example, hydrocortisone, epidermal growth factor (EGF), triiodothyronine, insulin, transferrin, ethanolamine and phosphoethanolamine. [4, 35] Supplementation with insulin (within the range of the concentration from 0.1 to 50 μg/mL) increases keratinocyte proliferation rate, [36] and its reduction (along with EGF and transferrin) leads to substantial decrease in keratinocyte growth. [4] Recent findings
show that insulin-like growth factor 1 (IGF-1) can induce keratinocyte growth even better than insulin alone, [37] and medium supplemented with IGF-1, insulin-like growth factor-binding protein-3
(IGFBP-3) and vitronectin (major component of serum) stimulates keratinocyte proliferation to the rate observed in cultivation in serum-rich media. [38] In vitro growth of keratinocytes may be also stimulated by a variety of other factors. This includes vitamin C (0.01-0.1 mmol/L), [39] low doses of selenium (0.03-0.253 μmol/L), [40] Aloe vera gel and
Cape aloe extract at concentrations smaller than 100 μg/mL [41] or substances increasing the level of cellular cAMP, for example, cholera toxin or isoproterenol. [42, 43] It is also worth to mention that a recent study of Strudwick et al [44] showed that combination of low calcium (0.07 mmol/L) and 10 μmol/L Rho kinase (ROCK) inhibitor Y-27632 in culture media increased the proliferative capacity, expansion potential and lifespan of human epidermal keratinocytes as well as inhibited their terminal differentiation for more than 40 population doublings without the need for feeder layer cells. Removal of ROCK inhibitor and addition of high calcium concentration to culture medium induced keratinocyte differentiation into stratified epithelium in a 3D skin model. [44] Application of different enzymes, broad range of their concentrations and variation in incubation parameters described in a variety of scientific papers may lead to confusion and difficulties in recognition of the most efficient digestion methods. Therefore, in this paper, we search through publications associated with keratinocyte culture in order to find which method of keratinocyte culture may be regarded as the most convenient. were considered significant at P < 0.05.
| MATERIAL AND ME THODS

| RE SULTS AND D ISCUSS I ON
| Review of the most popular methods for keratinocyte isolation and culture
Flow chart of literature search from the last 10 years (945 papers)
is summarized in Figure S1 . There exist many different methods of isolation and primary culture of human keratinocytes that can be found in the literature. This might be a reason why many researchers use commercially available cells or easy to maintenance established epithelial cell lines. The papers describing the studies on commercially acquired cells have been excluded from further analysis ( Figure S1 ).
As seen in Figure 1A , two-step digestion (dispase or thermolysin followed by trypsin) method was used more frequently than processing with one-step digestion (58 publications with dispase or thermolysin vs 39 publications with trypsin alone). In general, trypsin digestion was used during short incubation, while dispase was generally applied for separation of epidermis from the dermis during overnight incubation.
In the first step, for separation of the epidermis from dermis, dispase was used more frequently than thermolysin (54 vs 4 papers, respectively); however, its concentrations varied greatly from 1.45
to 240 U/mL. The most frequently used concentrations of dispase ranged between 1.45 and 2.5 U/mL (22 papers, Figure 1A ). It should be noted, however, that concentrations of dispase were sometimes given as mg/mL that may lead to difficulties in the reproducibility of the results due to enzyme batch specificity. Therefore, considering that commercial dispase is greater than 0.5 U/mg (typically, about 1U/mg), we recalculated concentrations of dispase found in papers in which concentrations were not given as U/mL (15 out of 54 papers). Results of the survey conducted in 1996 about practices in keratinocyte cultures in the UK showed that 2.0-2.5 mg/ mL dispase digestion at 4°C overnight was the most commonly used technique. [11] Our search revealed that in majority of papers, concentration of dispase was even higher than 2.5 U/mg, which may be justified by its low toxicity effect on keratinocytes. therefore, one may consider that the optimal seeding densities ratio is 1:1.
Use of serum-free media was reported in 251 publications ( Figure 1C ). This indicates that serum-free media were more than four times popular as compared to media supplemented with serum. The most frequently used serum-free media were EpiLife (Thermo Fisher Scientific Inc.; 73 papers), K-SFM (Thermo Fisher Scientific Inc.; 62 papers) and KGM (Lonza; 19 papers) ( Figure 1C ).
Commercially available keratinocyte growth media aimed at maintenance of a basal keratinocyte population are formulated with less than 0.1 mmol/L calcium. [44] Low-calcium conditions and absence of serum in culture media are not favourable for cells other than keratinocytes to grow, thus decreasing the risk of cell contamination. [45] Summarizing, considering the criterion of popularity of method for keratinocyte isolation, our present analysis shows that two-step digestion should be a method of choice. Furthermore, skin should be incubated in 1.45-2.5 U/mL dispase overnight, and keratinocytes should be subsequently released after cleavage in 0.05% trypsin/ EDTA up to 15 minutes. Furthermore, it looks that EpiLife culture medium appears to be a medium of choice for keratinocyte culture.
| Analysis of effectiveness of methods used for isolation and culture of keratinocytes
The most popular does not necessarily mean the best. Therefore, we have extended our analysis to reveal whether these the most popular methods translate into the highest yield and quality of isolated keratinocytes.
This analysis has shown that short time of incubation as well as overnight digestion resulted in comparable keratinocyte yield irrespectively of the enzyme used for isolation (dispase, trypsin or thermolysin), even though some of them resulted in higher cell yields ( Figure S2A ). Short incubation (up to 4 hours) in trypsin or thermolysin (followed by trypsin) gives the highest keratinocyte yields ( Figure S2A ). However, this method results in the lowest growth rate of isolated keratinocyte (Figure 2A ) that is in line with observations described elsewhere. [8, 46] Furthermore, the effectiveness of thermolysin digestion may be unpredictable [10] and may lead to loss of basal, highly proliferative keratinocytes including stem cells. [10, 47] On the other hand, moderate cell yield obtained following dispase digestion ( Figure S2A ) corresponded to the highest keratinocyte growth rate (Figure 2A) , especially, when short incubation in dispase was followed by cleavage in TrypLE Select (Thermo Fisher Scientific
Inc.) (Figure 2A ). Analysis presented on Figure 2B shows that implementation of TrypLE Select or trypsin (0.25%-0-3%) exclusively during second step of digestion results in the higher growth rate when compared to one-step digestion (even though cell yield do not differ significantly; Figure S2B ). Poorer growth rate after cleavage in 0.01% trypsin ( Figure 2B ) may be explained by a long incubation in this enzyme ( Figure 2C ). This is in line with observations that growth rate of keratinocytes inversely depended on time of second digestion ( Figure 2D ).
Accordingly, short (up to 3 minutes) incubation in higher trypsin concentration (0.3%) resulted in the best keratinocyte growth rate.
The yield of vital keratinocytes could be increased by gentle cell scrapping from the surface or by continuous stirring as described in the protocol reported by Green and Rheinwald.
[6] However, our analysis has revealed that flask shaking may result in notable decrease in keratinocyte growth compared with growth of keratinocytes obtained after pipetting of the trypsinized epidermis ( Figure 2E ).
Aside from proper digestion parameters, growth rate of keratinocytes depended on culture medium ( Figure 2F ). According to the literature analysis, the best results were obtained with EpiLife medium supplemented with S7 additives. For this medium, the manufacturer Other commercially available serum-free media stimulated keratinocyte growth rate to a similar degree ( Figure 2F ). Formulation of serum-free media ensures good growth rate similar to this obtained in serum-rich media and gave similar effects as compared to serum containing media supplemented with EGF or BPE ( Figure S2D ).
Successful long-term maintenance of cultured keratinocytes also depends on their density as well as detachment and passaging methods. Analysis of these methods was beyond the scope of this review.
Therefore, information regarding these methods should be searched elsewhere, for example, in a paper of Johansen.
[48]
| CON CLUS IONS
It should be noted that in some cases, a reliable analysis was impossible due to poor description of the chosen methods or the obtained results. However, basing on the available publications, the best method for isolation of human keratinocytes is two-step overnight digestion in 1.45-2.5 U/mL dispase followed by short (up to 3 minutes) cleavage in 0.25% trypsin with subsequent pipetting of the epidermis. Furthermore, it appears that the best results of culture of isolated primary keratinocytes may be achieved using collagencoated culture vessels and serum-free EpiLife medium, which is also the most popular medium used for keratinocyte culture.
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